The regular arrangement of metal nanoparticles influences their plasmonic behavior. It has been previously demonstrated that the coupling between diffracted waves and plasmon modes can give rise to extremely narrow plasmon resonances. This is the case when the singleparticle localized surface plasmon resonance (λ LSP ) is very close in value to the Rayleigh anomaly wavelength (λ RA ) of the nanoparticles array. In this paper, we performed angle-resolved extinction measurements on a 2D array of gold nano-cylinders designed to fulfil the condition λ RA < λ LSP . Varying the angle of excitation offers a unique possibility to finely modify the value of λ RA , thus gradually approaching the condition of coupling between diffracted waves and plasmon modes. The experimental observation of a collective dipolar resonance has been interpreted by exploiting a simplified model based on the coupling of evanescent diffracted waves with plasmon modes. Among other plasmon modes, the measurement technique has also evidenced and allowed the study of a vertical plasmon mode, only visible in TM polarization at off-normal excitation incidence. The results of numerical simulations, based on the periodic Green's tensor formalism, match well with the experimental transmission spectra and show fine details that could go unnoticed by considering only experimental data.
Introduction
Diffraction is the core working principle of a large amount of photonic devices and represents a remarkable effect of lightmatter interaction. The speed of light in a medium depends on its refractive index; as such, a plane wave impinging on a medium whose refractive index is periodically modulated undergoes a wavefront distortion. For instance, light propagating through a phase diffraction grating results into a far-field light pattern made of areas illuminated at specific angles. The Fourier space representation of this phenomenon is reported in Figure 1 . The vector equation governing the diffraction into a specific order m can be written as
where k i = n inc 2π/λ and k d = n dif 2π/λ, respectively, are the moduli of the wave vectors of the light impinging on the grating and diffracted by it; q = 2π/Λ is the modulus of the vector associated with the grating and Λ its period; n inc and n dif are respectively the refractive indices of the media where the light is coming from (before diffraction) and propagating to (after diffraction). Finally, the vector Δ is usually indicated as wave-mismatch and distinguishes the case of Bragg-matched (Δ = 0; Figure 1A ) and mismatched (Δ≠0; Figure 1B ) incidence [1] .
In Figure 1C , the case when diffraction results in nonradiative or evanescent orders is instead depicted. This happens when
In the previous equation, the equality sign corresponds to the cut-off between radiative and evanescent diffracted orders. This limit has been first identified by Wood [2] and then explained by Rayleigh [3] . For this reason, Eq. (2) (with equality sign) is indicated as Rayleigh anomaly and commonly written as
Noteworthy, the Rayleigh wavelength λ RA depends on n inc , n dif , the angle θ inc , formed by the beam incoming on the grating with its normal, and the considered diffracted order (m). Once previous parameters are fixed, the grating behaves in subwavelength (SW) regime for all wavelength values λ > λ RA .
The behavior of the grating is peculiar when the diffracted order is evanescent. If the first order (m = +1) is considered, the electric field, associated with the diffracted wave, remains confined in proximity of the grating interface (with air, in this case) and can be written as
which is the expression of a progressive wave propagating in the direction parallel to the grating (along x) with an amplitude term exponentially decaying in the direction orthogonal to the grating (along z) [4] . In the previous equation, k = (2π/λ)n dif , while
θ dif is the angle made by the considered diffracted beam with the grating normal. When the condition in Eq. (2) is verified for a specific diffracted order, the grating behaves in SW regime [5] . Many applications of SW gratings made of dielectric materials are reported in the literature. Even if made of isotropic materials, these gratings show a form of birefringence, thus an anisotropic response when illuminated by light of different polarization. This property has been exploited in several applications and mainly as antireflection layers [6] , waveplates [7] , for polarization control [8] , and metamaterials [9] . Different is the situation when a grating is made of metallic stripes or arrays of metal nanoparticles (NPs). Actually, the lineshape features of the localized surface plasmon resonance (LSPR) of a single plasmon subunit are strongly influenced by the regular arrangement of the subunits. As suggested by Eq. (4), if the NP array is illuminated with a wavelength close to λ RA , the considered diffracted order is evanescent and propagates along the sample substrate. The evanescent electric field associated with this order is localized in the substrate and can couple with the plasmon fields scattered by the particles, thus inducing a collective resonance (CR) mode [10] . Indeed, theoretical studies have demonstrated that this near-field coupling is much more efficient when the LSPR wavelength of the isolated metal NP (λ LSP ) is close in value to the Rayleigh wavelength (λ LSP~λRA ) [11] [12] [13] . This choice is functional to maximize the energy transfer between the evanescent waves, propagating in proximity of the substrate, and the NP plasmon modes. The evident consequence of this energy transfer is the modification and extreme narrowing of the LSPR lineshape. Schatz et al. [11, 12] have first suggested that these narrow resonances are possible in regular arrays of NPs, while Markel has elaborated the theory [13] . Several experimental verifications have also been provided [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , and considering the very narrow linewidth achievable (few nanometers), results hold promises for many applications in lasing, sensing, and metamaterials [24] . An interesting possibility is to study the coupling between diffractive and plasmon modes in the condition λ RA < λ LSP . In this paper, a short-pitch 2D array of Au nanocylinders (designed and fabricated to the scope) produces purely evanescent orders for impinging wavelengths in the close vicinity of λ LSP . The plasmonic properties of the array have been experimentally characterized by performing angular resolved extinction measurements. Depending on the incidence angle and polarization of the exciting light, it is possible to continuously follow the evolution of a grating-induced plasmon mode and the appearance of higher-order modes, including a vertical mode. Numerical simulations, performed on both isolated particles and arrays, allow the complete analysis of spectral position and origin of these modes.
Experiments
A 2D array of gold monomers (50 × 50 μm 2 ) was deposited by electron beam lithography on an indium tin oxide (ITO)-coated (30 nm thick) glass. The array consists of nano-cylinders (200 nm diameter, 50 nm height) with a (center-to-center) pitch Λ x = Λ y = 300 nm. Figure 2A shows a SEM picture of the fabricated sample.
A confocal transmission set-up, with angle-resolved measurement possibility, was used for the optical characterization of the sample. An illumination part, a multi-axis sample holder, and a collection part compose the set-up. All the parts are mounted on a rotating stage to allow maximum flexibility during measurements ( Figure 2B ). The UV-VIS-NIR light from the source lamp (tungsten) is brought to the illumination part by an optical fiber. This light is first polarized and then focussed, by a microscope objective (20 × , 0.28 NA), on the sample surface. The sample is fixed on the sample holder and can undergo a full (2π) rotation around an axis perpendicular to the optical table. Another microscope objective (50 × , 0.42 NA) collects the light transmitted by the sample. The diameters of illuminated and collection areas are respectively 300 μm and 10 μm. An analyser, put after this objective, is used to select the polarization of the transmitted light. A beam splitter sends 92% of this light to the spectrometer while the remaining amount goes to the camera and allows visualizing the area of the grating that is actually investigated. While performing angle-resolved extinction measurements, the sample holder was progressively turned, thus modifying the direction of the wave-vector impinging on the nano-cylinder array. For each measurement, the incidence angle was equal to the collection one and, for all angles, both longitudinal (TE) and transverse (TM) polarizations were considered according to the geometries depicted in Figure 3A and B.
The experimental extinction spectra measured at different angles in air (0°, 15°, 25°, 35°, 52°, and 60°), in TE and TM polarizations, are reported in Figure 4 . With TE polarized light impinging on the sample at normal incidence, only one mode [λ~740 nm, (1) in Figure 4A ] is excited. The shape and spectral position of this mode suggest that the excitation of the incident light results in a dipolar mode with free-electrons oscillating along the diameter of the gold nano-cylinders [25, 26] . However, the quite visible red-shift of this mode, observed for both TE and TM polarizations at an increase of the incidence angle of the exciting light ( Figure 4A and B), excludes that this is a purely dipolar mode as observed in case of a single NP: we expect that the regular arrangement of nano-cylinders influences their plasmonic behavior [27] [28] [29] . (1)] is excited while, by increasing the incidence angle, the quadrupolar mode [λ Q~6 80 nm, (2)] is excited. At normal incidence, in TM polarization (B), only the dipolar mode (1) is also excited. When the incidence angle increases beyond 35°, the quadrupolar mode (2) and the vertical mode (3) are excited.
Indeed, for the range of wavelengths in the close vicinity of this plasmon peak, no radiative diffracted orders but evanescent waves [expressed as in Eq. (4)] are created by the grating structure. Being confined within the grating (decaying along z), the evanescent field associated to such waves can enhance the local plasmon fields, already excited by the impinging radiation, determining a CR of the dipolar modes of the single particles. In other words, the presence of evanescent and exciting fields, acting together on neighboring particles, induces a plasmonic coupling between them, which results in a decrease in their interaction energy and thus to a red-shift of the CR peak wavelength. It is not obvious though why this red-shift is proportional to the angle. By considering more closely the expression for β in Eq. (5), we can provide an intuitive interpretation of this observation. Actually, the amplitude k 0 β, and hence the penetration depth of the evanescent field into the nano-cylinders grating, is directly related to this angle. By plotting k 0 β for m = ±1 ( Figure 5A ), we can observe that in one case (m = +1), the evanescent field is much less confined than in the other one (m = -1). The plot also shows that the amplitude of the electric field of this evanescent order is proportional to the incidence angle. As such, we can suppose that it is somehow contributing to the observed red-shift. Still, being the amount of evanescent orders propagating in the substrate quite large, we need to evaluate what is their overall effect. For this reason, numerical simulations have been performed for calculating the electric field value, at the top of the nano-cylinders (50 nm), corresponding to most of the evanescent diffracted orders (-15 < m < 15, -10 < n < 10) involved in the CR excitation, while modifying θ inc . Selected plots for TE polarized exciting light and diffraction into air are reported in Figure 5B -F. An animation showing all the results for (0° ≤ θ inc ≤ 75°) with steps of 5° is instead available in the supplementary material.
A comparison of previous plots shows that the increase in the incidence angle corresponds to a progressive growth of the overall brightness of the map. This increase in the amplitude of the electric field implies that the total evanescent field in proximity of the nanocylinders is less and less confined for higher incidence angles and thus responsible of the red-shift of the CR. Noteworthy, it is exactly the presence of metal NPs in the (regular) array that is responsible for the significant increase in the overall electric field in the substrate. By simulating the same array (pitch and particle size), but in case of dielectric (TiO 2 ) nano-cylinders, it comes out (supplementary material) that the overall field in the substrate is, this time, almost negligible.
In Figure 4A , we can also observe another plasmon peak at lower wavelengths [λ Q~6 80 nm, (2) in Figure 4A ] that appears at off-normal incidence. This mode can be identified as a quadrupolar one [27] ; it grows in amplitude and seems to be slightly blue-shifted by increasing the incidence angle: this behavior will be discussed later in the paper. Figure 4B shows the spectra obtained for the same incidence angle values and for a TM polarization of the exciting light. Also, this time, the dipolar mode only [(1) in Figure 4B ] is obtained at normal incidence, and it has closely the same spectral position of that obtained with TE polarization; this is because the grating is a square with the same pitch in both directions. A red-shift of its spectral position also takes place even if less important than the one observed in the TE case. An interpretation of this red-shift can also be given by providing similar arguments as used before ( Figure 5 ). However, it should be considered that, in case of TM polarization, the amplitude of the exciting field is strongly damped by a cosθ inc factor ( Figure 3B ). The smaller TM field amplitude is possibly responsible for both the more limited red-shift and the decrease in the collective plasmon mode amplitude for large incidence angles. In the TM polarization state, the quadrupolar mode starts appearing [at about the same spectral position, (2) in Figure 4B ] at 35° incidence and with an amplitude that is more moderate than the TE case. Both the appearance of the mode at larger angles and its smaller amplitude can be related to the cosθ inc damping factor of the exciting field amplitude. More interestingly, a new mode, different from both dipolar and quadrupolar ones, can be noticed in the spectra at λ~570 nm [(3) in Figure 4B ]. This peak is already visible at θ inc = 25° and can be attributed to a vertical mode corresponding to the plasmon oscillation along the height of the nano-cylinders. Indeed, it is reliable to consider that, in the TM mode only, the exciting field has a component sinθ inc that is exactly parallel to this direction and thus responsible for this excitation. Moreover, from the graphs, it is visible that the amplitude of this mode increases with the incidence angle, which matches well with the monotonously increasing behavior of sinθ inc in this angular interval. This argument suggests that the observed mode is exactly the vertical one. In our knowledge, this is the first time that this mode has been observed while performing this kind of measurement.
Theoretical simulations
A periodized version of Green's tensor formalism [30, 31] was exploited to simulate both transverse (TM) and longitudinal (TE) polarization extinction spectra as a function of the wavelength in the VIS-NIR range. Gold nano-cylinders were also considered (200 nm diameter and 50 nm height) spaced by 300 nm (center-to-center, both in x and y directions) and deposited on a semi-infinite glass substrate. A thin 70-nm-thick ITO layer was added on the silica underneath the particles. Behavior and spectral details observed through the numerical simulations match quite well the experimental results even if the characteristic plasmon modes generally show sharper features in the numerical curves than in the related experimental ones. There are at least two plausible mechanisms responsible for such differences. In one case, a plane-wave illumination has been assumed in the numerical simulations. This approximation is not true in the experimental case because of the high numerical aperture of both illumination (20 × , 0.28 NA) and collection (50 × , 0.42 NA) objectives. However, as detailed in the following, the choice of a plane-wave assumption was favored since it allowed unveiling a more complete scenario of the involved phenomena. On another side, even in case of an optimal fabrication procedure, discrepancies in the size and shape of particles are typical and they are usually not considered in the simulations. As an example, a characteristic defect of fabrication of nano-cylinders results in a conical shape. This can clearly influence the spectral shape of a vertical plasmon mode for which the vertical profile of the particle is important. Obtained curves are depicted in Figure 6A and B. Analogue simulations, but in case of single particle, were also performed and plotted in Figure 6C and D to be used as a reference. In Figure 6A and B, the normalincidence, single-particle curve is plotted (dotted pattern) as a comparison with the array corresponding case. Figure 6E and F show instead selected curves of Figure 6A and B, respectively, in case of TM and TE polarization, for different angles of incidence (0°, 30°, and 60°), together with the corresponding distributions of the electric fields in proximity of the NPs, just above the substrate, in air. As numbered on the curves in Figure 6E and F, the various maps refer to specific spectral positions and the effect at the interface between substrate and NPs was considered for an incidence angle θ = 60°. These field maps are helpful for understanding the underlying physical phenomena taking place while the exciting light interacts with the array of NPs. When comparing the simulations (both TE and TM polarization) of the array of NPs with the ones related to the single NP, some distinctive features emerge. At normal incidence, the spectral position of the dipolar plasmon peak of the single particle (λ LSP~8 20 nm; Figure 6C and D) is strongly red-shifted compared to the corresponding one in case of the array (λ CR~7 20 nm; Figure 6A and B). Indeed, the presence of lobes oriented along the direction of the exciting field suggests the excitation of a dipolar term [field maps (1) in Figure 6E and F]. However, due to the presence of the grating (as discussed above), a coupling evidently takes place between the evanescent grating and plasmon modes that modifies the typical (single-particle) dipolar response into a collective dipolar resonance, blue-shifted if compared to the single particle resonance. It is also worth noting that the curves in Figure 6A and B confirm the pronounced redshift of the CR with the angle of the incident planewave, already observed in experiments ( Figure 4A and B) and qualitatively explained above; this red-shift is completely absent in the single-particle curves ( Figure 6C and D) : while changing the incidence angle, both the lineshape and spectral position of the dipolar peak remain the same ( Figure 6C ). This is not true in the TM case ( Figure 6D ), where the increase in the incidence angle corresponds to a decrease in the dipolar curve amplitude. As observed above, this decrease can be attributed to the damping effect due to the decrease in the cosθ inc factor in the exciting field amplitude ( Figure 3B ). It could be speculated that the observed red-shift of the CR (in both TE and TM cases) is not real but is an apparent one due to the presence of the Rayleigh dip that can artificially move the broad peak to the red. This is to be excluded because at low incidence angles, where the Rayleigh dip is spectrally quite far from the CR position, the red-shift of the CR peak is already present and quite evident (for both TE and TM polarizations). If the damping of the CR peaks is taken into account, as again likely due to the approach of the Rayleigh dip, this concern should also be mitigated. Indeed, in the TE case, the observed damping is quite limited (Figure 6E ). In the TM case ( Figure 6F) , it is more evident, but this is simply due to the fact that, again, by increasing the incidence angle, the cosθ inc factor in the exciting field amplitude ( Figure 3B ) is decreasing more and more due to geometrical reasons and the amplitude of the CR peaks decreases accordingly.
The increase in the angle of incidence of the exciting light is also related to the progressive excitation of a peak located at λ~640 nm in the single-particle simulations ( Figure 6C and D) ; by comparison with the experimental curves, we can attribute this peak to a quadrupolar mode, though it is slightly red-shifted in the experimental case (λ Q~6 80 nm). The spectral position of this peak in the array simulations ( Figure 6A and B) is the same, suggesting that the presence of the grating does not considerably contribute to the excitation of a collective quadrupolar mode as in the dipolar case. This is probably due to the fact that, in this spectral range, the (first) diffracted orders produced by the grating are all radiative, and thus, no evanescent coupling can take place. In both TE and TM field maps [(3) in Figure 6E and F], the shape and position of the bright four lobes, located around each NP, confirm the excitation of a quadrupolar mode. The lobes lay on the opposite sides of the NP, along the diagonals of the NP array (TE polarization) or along the array main axes (TM polarization). From simulations, new details also emerge that could go unnoticed by considering only experimental data. In particular, the presence of a sharp dip spectrally located between the quadrupolar and the dipolar modes (λ~710 nm), which is more visible for θ inc > 25°, is noteworthy. As indicated by black arrows in Figure 6A and B, this dip is exactly located at the Rayleigh wavelength λ RA and corresponds to the crossing of the reflected grating order (1, 0) from the evanescent to the radiative propagation (in the substrate). It is interesting to notice that, exactly at the Rayleigh wavelength and for a 60° incidence, the incident wave propagates through the grating with minimum extinction. This can be attributed to the fact that evanescent orders do not carry energy. In this condition, it can happen that the coupling between these evanescent orders and the particles results in a local field nearly zero due to the fact that the particles are at the nodes of the stationary wave formed by the superposition of the incident field and the diffracted wave corresponding to Rayleigh wavelength: with no absorption inside particles, this results in the energy all carried in forward scattering (0th transmitted order) [32] . Further investigation will be devoted to the experimental verification of this possibility. Concerning the related field maps [position (2), Figure 6E and F], in the presence of this dip, the shape of the field lobes suggests that the quadrupolar excitation dominates on the dipolar one. Last but not least, numerical simulations confirm the presence of the peak corresponding to the vertical mode [position (4) in Figure 6F ]. The field map related to this mode, calculated for θ inc = 60°, shows a peculiar electric field distribution that cannot be attributed to a purely dipolar or quadrupolar mode. In order to obtain a better insight of the features of this mode, additional simulations have been performed, whose results are shown in Figure 7 . Both 3D surface charges and field distributions around the single NP are reported for a TM excitation at 60° incidence ( Figure 7A and B) . In Figure 7C , the field map of the section of the single NP in the incidence plane is instead represented. Finally, in Figure 7D , the field map calculated at the vertical mode wavelength (λ V~5 70 nm) just beneath the interface (in ITO) is shown for each extinction curve of Figure 6B .
The symmetric and homogenous charge distributions on both the upper and lower borders of the NP ( Figure 7A ) represent a quite evident consequence of the vertical mode excitation (E y = E TM sinθ inc ; Figure 3B ) induced by the TM wave. Quite interesting, though, is also the role played in the excitation by the transversal (E x = E TM cosθ inc ) component of the TM wave, which is more noticeable in Figure 7B and C. Indeed, the field asymmetry ( Figure 7B ) and the oblique field vectors on both upper and lower surfaces of the NP ( Figure 7C ) evidence that the plasmon excitation is to be considered as the result of the two field components of the TM wave. The field maps in Figure 7D also stress this hypothesis: the various bottom views show considerable field amplitudes both in the centers and on the borders of the NPs that can be respectively attributed to the effect of the horizontal and vertical components of the exciting TM wave. Moreover, depending on the excitation angle, the amplitude of the extinction peak (λ V~5 70 nm) evolves in adequation with the brightness of the related field map: an increase in the peak amplitude implies a brighter field map.
Conclusions
The plasmonic behavior of a 2D periodic array of Au nano-cylinders has been studied by performing angleresolved extinction spectroscopy, in TE and TM polarization. The involved technique presents several advantages with respect to the standard (normal incidence) one. The pitch of the NP array has been chosen so that mainly evanescent diffracted orders were produced by the structure when excited with light whose spectral interval was in close proximity of the dipolar CR of the nano-cylinders. The excitation with increasing incident angles has put in evidence the collective plasmon resonance and its spectral red-shift, both due to a grating effect. An intuitive approach has been considered for relating the evanescent field, present in the sample substrate, with the resonance wavelength red-shift. Varying the excitation angle has also evidenced both a quadrupolar and a vertical plasmon mode. In particular, the latter can only be visible in TM polarization at off-normal excitation incidence.
